A comparison was made of the properties of Streptococcus mutans Ingbritt grown in continuous culture under conditions of excess glucose (nitrogen limitation) and limiting glucose at mean generation times of 1.7 to 14 h. Only low levels of glucoamylase-specific glycogen were formed in cells from either culture, and the total carbohydrate content of the cells under excess glucose was only at most 1.6-fold higher than in the glucose-limited culture. A negligible amount of cellfree polysaccharide was formed in either culture, although a significant level of glucosyltransferase activity was observed in both, with the highest activity at D = 0.2 and 0.4 h-' with a glucose limitation. Other differences were observed. (i)
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Lactate was the main end product of the glucose-excess culture, whereas acetate, formate, and ethanol were the main products of the glucose-limited culture except at a mean generation time of 1.5, when lactate represented 30% of the products.
(ii) The yield (in grams per mole of glucose) of the latter culture was 2.6-to 4.0-fold higher than the yield of the glucose-excess culture. (iii) Washed cells from the glucose-limited culture were much more acidogenic (1.7-to 6.2-fold) than the glucose-excess cells when incubated with glucose, sucrose, and fructose. Endogenous glycolytic activity by the latter cells was significant, being 31 to 92% of the exogenous glucose rate at the four dilution rates. (iv) Cells from the glucoseexcess culture were more insensitive to fluoride than cells from the glucose-limited culture. The NaF 50% inhibition dose values for the effect of fluoride on the metabolism of glucose, sucrose, and fructose were calculated for the four dilution rates at four pH values. This analysis indicated that rapidly metabolizing cells were more sensitive to fluoride than cells that metabolized the sugars more slowly.
When studies of bacterial metabolism are undertaken, the growth of bacteria in continuous culture has distinct advantages over growth in batch systems (18, 30) . The principal advantage is that the growth rate of the culture can be controlled by regulating the dilution rate provided that an essential nutrient is limiting growth. Control of the growth rate, which cannot be done readily in batch systems, is particularly important when one wishes to study the properties of microorganisms at the slow growth rates that these organisms often achieve in their natural ecosystems. It has, in fact, been shown that various cellular properties of bacteria change with changing growth rate (6, 25, 30) .
We have used the technique of continuous culture to examine the biochemical properties of
Steptococcus mutans, an organism known to be associated with some forms of dental caries (21, 23 (10) .
We now report the effect of growth rate on various other biochemical properties of cultures of S. mutans Ingbritt growing in a chemostat with either a nitrogen (glucose excess) or a glucose limitation. These limitations were used since there is evidence (11) suggesting that organisms in human plaque exist in an environment which ranges from glucose excess during diet intake to glucose limitation under fasting (no diet) conditions. It has been shown that the products of metabolism, glycolytic activity, endogenous metabolism, fluoride sensitivity, and extracellular glucosyltransferase activity in S. mutans all vary, depending on the growth rate and nutrient limitation.
MATERIALS AND METHODS
Organism. The S. mutans Ingbritt strain used in this study was kindly supplied by J. Sandham, Toronto. The methods of maintenance and purity control have been described previously (16) .
Growth conditions. Cultures were grown in a Porton-type chemostat (19) at 37°C with a 500-ml working capacity; the pH was maintained at 6.5, and the gas phase was nitrogen plus 5% CO2. The dilution rate was varied between 0.05 and 0.4 h-', which is equivalent to MGT values of 1.7 to 14 h. The cultures were allowed to reach equilibrium for at least 10 mean generations at each dilution rate before harvesting. The biochemical properties of cells grown under conditions of nitrogen limitation, where glucose was in excess, and in cultures where glucose was the limiting nutrient was determined. Both cultures were grown simultaneously in two chemostats in Carlsson's defined medium (M3) (1), modified as described previously (10) . For the glucose-excess (nitrogen-limited) culture, the basic medium was modified to contain one-fifth the concentration of amino acids while glucose was added at 300 mM such that during growth asparagine and arginine were limiting growth. The glucose-limited culture was grown in the basal M3 medium modified to contain 25 mM glucose.
Washed-cell experiments. Cells were collected via the overflow from each chemostat into a container cooled to 0°C for various periods (usually overnight, but rarely exceeding 16 h). They were then harvested by centrifugation (8, INFECT. IMMUN. under conditions where the pH fall was monitored. In both cases, the reaction mixture consisted of washed cells (7 to 10 mg) suspended in 2.0 ml of saline and receiving 100 pl of the appropriate sugar solution (30 mg/ml of water). The cell suspension was mixed by a magnetic stirrer, and the suspension was kept anaerobic by the passage of a slow stream of nitrogen gas through the mixture. For the pH-stat experiments, the reaction mixture was made 10 mM with respect to phosphate buffer by the addition of 20 t.l of a 1 M solution. The pH was kept constant at 7.0, 6.5, 6.0, or 5.5 with standardized 0.1 M NaOH, using a Radiometer pH-stat system as previously described (16) . In the pH-fall experiments, the pH was monitored on a Vitraton-Lin-Log recorder (Fison Scientific Apparatus, Loughborough, England) for 20 min by the Radiometer system without the titrator (16) .
In the pH-stat experiments, fluoride inhibition was studied by adding the requisite amount of 0.1 M NaF to the reaction mixture after the initial rate of alkali addition had been established (usually 4 to 8 min).
Inhibition of the rate of acid production was followed in the same reaction mixture by the subsequent addition of NaF at suitable time intervals (ca. 4 min). Fluoride was added in pH-fall studies just before pH adjustment to 7.0.
Throughout this work, units of glycolytic activity are defined as nanomoles of metabolic acid neutralized per milligram (dry weight) of cells per minute. In all cases, at least two samples were removed at each dilution rate for analysis, with enough time between samples to reestablish steady-state conditions. The results of all tests and assays were always reproducible within 10%.
Enzyme assays. Glucosyltransferase was assayed according to the method of Ellwood et al. (7) . Invertase was measured as the release of glucose from sucrose in a reaction mixture containing culture filtrate and sucrose (50 mM) in a 1.0-ml volume at pH 6.5 and 370C.
Analytical procedures. Amino acids, glucose, and metabolic end products present in the culture fluid were assayed after rapid filtration (<5 s) to remove cells as previously described (9) . Total intra-and extracellular polysaccharides were assayed by the method of Dubois et al. (5) . Glucoamylase-specific glycogen was assayed by the method of Hamilton (14) , and cell wall carbohydrate was analyzed by the method of Ellwood et al. (7) .
RESULTS
Effect of growth rate on cell yields and metabolic products. S. mutans Ingbritt was grown anaerobically under conditions of glucose excess (nitrogen limitation) and glucose limitation in two chemostats simultaneously at dilution rates of 0.05, 0.1, 0.2, and 0.4 h-1. These rates correspond to MGT values of 14, 7, 3.5, and 1.7 h, respectively. (9) .
By contrast, Table 1 shows similar data for the culture grown with an excess of glucose (nitrogen limitation). Although the yield of cells in this culture was relatively constant but somewhat lower, the yield of cells relative to glucose utilized was more than 2.6-fold lower than in the glucose-limited culture. Furthermore, lactate was the main product of metabolism, with the concentration decreasing with increasing dilution rate. Low concentrations of acetate, formate, and ethanol were detected at all dilution rates, except D = 0.1 h-'. Gas-liquid chromatographic analyses of both cultures demonstrated that no citric acid cyclic intermediates or volatile acids, other than those tested, with chain lengths C2 to C8 were present in the culture filtrates.
The carbon recoveries based on the control glucose fermented ranged from 74 to 92% for the glucose-limited culture and from 60 to 65% for the glucose-excess culture.
Amino acid analysis. Amino acid analysis of the spent medium from the glucose-limited culture revealed that over the four dilution rates, asparagine, isoleucine, and arginine were utilized to the greatest extent by the cells (e.g., 36, 37, and 32% utilized, respectively). Significant trends between the dilution rates were not ob- (14) , assuming that 50% of the cell dry weight is protein (I. R. Hamilton, unpublished data).
Growth rate had little effect on the glycogen A further comparison between the two cultures can be seen in experiments where the pH of the washed suspension was allowed to fall in response to endogenous and exogenous metabolism. Figure 1 shows the pH response of cells from both cultures grown at D = 0.4 h-1. Again, except for endogenous metabolism, the pH minimum produced by the glucose-limited cells was lower. The rate and extent of the pH fall was influenced to a moderate degree by the dilution rate, although no pattern emerged. After a 15-min incubation period, the average pH minimum for the four dilution rates for the glucose-excess cells metabolizing 8. Fluoride inhibition. The ability of fluoride to inhibit carbohydrate metabolism by oral streptococci is well established, although a variety of factors are known to modify the inhibitory effect (15, 16, 22) . study of fluoride inhibition is that as the pH declines, the cells become more sensitive to fluoride in what can be described as the pH effect (15) . To obviate this problem, a series of pH-stat experiments was carried out with cells from all four dilution rates of both cultures and incubated with glucose, sucrose, and fructose under conditions where the pH was maintained at 7.0, 6.5, 6.0, and 5.5. The pH effect can be seen (Fig.  3) in an experiment where glucose-limited cells (D = 0.05 h-1) were incubated with sucrose at all four pH values. As the pH was reduced, the concentration of fluoride required to completely inhibit metabolism also declined. Figure 4 demonstrates the inhibitory effect of NaF on the rate of glucose metabolism by cells maintained at pH 7 was noted at the higher values. It was also noted 0 , . . . that a low level of acid production persisted at GLUCOSE -EXCESS NaF levels above 15 mM, particularly with the D = 0.05 h-1 cells. The effects of NaF on the 100 glucose-excess cells was less dramatic because of the lower activity, but there was, nevertheless, a tendency to increased sensitivity at the lower dilution rates. Again, a similar pattern of activity 0 was produced for cells degrading sucrose and°5 10 15 20 25 fructose in the presence of increasing levels of NaF (mM) NaF. the glycolytic rate without fluoride (Fig. 6) The yield of cells relative to glucose utilized for the glucose-limited culture was similar to that obtained by Carlsson and Griffith (3) and . ___I___*___*__*_________ was 2.6-to 4.0-fold higher than that obtained for 00 200 300 400 the glucose-excess culture. The recovery of met-RATE abolic products from the glucose-excess culture was somewhat lower than recoveries obtained in 6. Relationship of the ratio of the IDwo-NaF/ the other studies (3, 25) , even considering the bited glycolytic rate and the uninhibited gly-amount of total carbohydrate in the cells (Table  rate (Table 2 ) and is therefore not typical glycogen, thus confirming previous research (14, 16) . Glycogen standards in the assays gave greater than 90% recovery, indicating that the assay itself is reliable. Since part of the nonglycogen polysaccharide is readily degraded to acid end products ( Fig. 1; 5) , it is evident that S. mutans Ingbritt, and probably other S. mutans strains, possesses another storage polymer that can be utilized as an energy reserve. The composition and structure of this material are unknown, but preliminary experiments have demonstrated that glucoamylase-hydrolyzed, ethanol-precipitable carbohydrate from glucose-excess cells contains rhamnose in addition to glucose (Hamilton and Ellwood, unpublished data). Since rhamnose is a cell wall constituent of S. mutans (17) , and since cell wall thickening occurs with the organism under conditions of amino acid deprivation (24) , it is possible that a polysaccharide cell wall precursor may be synthesized and stored in cells in granules (24) in association with glycogen. During nitrogen-limiting conditions with excess glucose, the polymer is synthesized, but would be capable of being metabolized for energy when the exogenous carbon source is depleted. However, this does not preclude the possibility that other energy storage compounds are present in the cells.
The only other study of glucosyltransferase (dextransucrase) synthesis by oral streptococci in continuous culture was reported by Carlsson and Elander (2) . These workers demonstrated that glycosyltransferase synthesis by S. sanguis strain 804 was at a maximum in complex medium at low dilution rates (<0.1 h-1) and declined with increasing dilution rate. Activity of the enzyme was, however, low in defined medium. These workers suggested that glucosyltransferase in this S. sanguis strain might only be synthesized under conditions where an excess of nutrients is available. Ellwood and Hunter (8) have also reported that maximum glucosyltransferase activity appears in slowly growing cells (D = 0.05 h-1) of S. mutans Ingbritt growing with a glucose limitation in complex medium. The results from the present study differ in that substantial enzyme activity was available in defined medium under both glucose-limited and glucose-excess conditions (Table 3 ). In fact, the highest activity in both cultures appeared at the higher dilution rates (D = 0.2 to 0.4 h-') and maximum activity was with a glucose-limiting culture (D = 0.2 h-1). The reason for the differences between this and the previous study with S. mutans Ingbritt is unknown but may be related to the composition of the medium.
The comparison between the two S. mutans cultures with respect to fluoride sensitivity has outlined several interesting features. For example, although glucose-limited cells are sensitive to fluoride, they nevertheless continue to metabolize carbohydrate at a slow rate in the presence of fluoride concentration above 15 mM (Fig. 3 ). Since these cells possess very little endogenous metabolism, which is known to be less sensitive to fluoride (13) Figure   2 illustrates the comparison between the glucose-limited and the glucose-excess cultures, where it can be seen that whereas the latter cells produce acid at a slower rate, low levels of NaF have less effect on them than on the more acidogenic glucose-limited cells. A more complete analysis of this is made in Fig. 6 , which plots the ratio of the NaF ID50/glycolytic rate versus the inherent glycolytic rate of cells in the absence of NaF in both cultures at the four dilution rates at pH 6.5 and 7.0. This indicates clearly that less fluoride is required to bring about 50% inhibition of glycolysis with rapidly metabolizing cells than with cells with slower activity.
